ABSTRACT: Replacing cows in the herd is second only to nutrition as the single greatest input cost in cow/ calf beef production. The increased availability of cereal grains for feeding livestock has allowed replacement heifers to enter the production system at younger ages. Many heifer development programs feed to ensure heifers reach puberty before the time that they are mated to calve at 2 yr of age. Nutrition level during development has been associated with altered milk production and stayability. We hypothesized that heifers exposed to a lower nutrition level during the peripubertal period would have less methylation of the DNA in the mammary gland and ovarian cortex. We also hypothesized that the ovarian reserve would decrease in heifers fed for rapid growth compared to heifers fed for slow growth during puberty. At 257 ± 1 d of age, heifers in the Stair-
INTRODUCTION
Replacing females in the herd is second only to nutrition as an input cost in cow/calf beef production. The increased availability of cereal grains for feeding livestock has allowed replacement heifers to enter the production system at younger ages. Many heifer development programs aggressively feed heifers large quantities of feed to ensure they reach puberty before the time that they are mated to calve at 2 yr of age. Malnutrition during development may result in decreased lifetime productivity of a cow. Both the mammary gland and the ovary undergo rapid morphological changes during puberty. The parenchyma tissue begins allometric growth at approximately 3 mo of age in cattle (Purup et al., 1993) and continues until approximately puberty (Sinha and Tucker, 1969; Sejrsen et al., 1982) . The rate of parenchyma growth relative to BW gain decreases around puberty but remains greater than BW gain for some time after puberty (Sinha and Tucker, 1969) . Parenchyma growth is modulated by ovarian steroids (Akers et al., 2005) . The rapid changes in these tissues during the peripubertal period suggest they may be particularly sensitive to exterior influences such as nutrition. Overnutrition during heifer development has been associated with decreased milk production (Pinney et al., 1961; Ferrell, 1982; Johnsson and Obst, 1984; Park et al., 1998) and reduced longevity (Arnett et al., 1971) . Rats that undergo calorie restriction during the peripubertal period have an increase in the number of primordial follicles in their ovaries (Xiang et al., 2012) . Plagemann et al. (2009) created an obesity model in neonate rats that resulted in increased methylation in the proopiomelanocortin promoter. We hypothesized that heifers exposed to different levels of nutrition during the peripubertal period would differ in methylation of the DNA in the mammary gland and ovarian cortex. We further hypothesized that the ovarian reserve would be decreased in heifers fed for rapid growth compared to heifers fed for slow growth during puberty (Stair-Step).
MATERIALS AND METHODS

Experiments were conducted to conform with the Guide for the Care and Use of Agricultural Animals in
Agricultural Research and Teaching (FASS, 1999) and were approved by the U.S. Meat Animal Research Center Animal Care and Use Committee. Twelve spring-born (April 10 through 18) MARC III heifers of similar age and size that were born to cows that were at least 4 yr of age were used in the study. In a previous study, we found that MARC III heifers reached puberty at 315 ± 4 d of age (Cushman et al., 2014) . Heifers were weaned into the feedlot and in early November, heifers were moved to a facility equipped with Calan headgates (American Calan, Northwood, NH). Heifers were individually fed a ration that, as a percentage of DM, contained 30% alfalfa hay, 69.8% corn silage, and 0.2% salt. Heifers were stratified by age and randomly assigned to the 2 treatment groups. At 257 ± 1 d of age, heifers in the StairStep treatment were offered 157 kcal ME/BW kg 0.75 for 84 d and heifers in the Conventional treatment were offered 228 kcal ME/BW kg 0.75 . At d 84, heifers were fed for an additional 83 d. Stair-Step heifers were offered 277 kcal ME/BW kg 0.75 and heifers on the Conventional treatment were offered 228 kcal ME/BW kg 0.75 . Heifers were weighed every 3 wk and feed offered was adjusted for BW. Feed offered for intervening weeks was calculated based on previous BW and projected BW gain. Feed orts were collected and weighed weekly.
At slaughter, the hide was removed and the mammary gland was excised from the carcass and weighed. The mammary gland was subsequently divided in half along the median suspensory ligament. One-half of the mammary gland was excised from the carcass for histology and the other half was sampled for measurement of DNA methylation. Parenchymal tissue was taken 1 to 2 cm above the base of the rear teat, and mammary fat pad tissue was collected above the parenchymal tissue. Tissue was immediately frozen in liquid N and stored at -80°C for subsequent analysis of global DNA methylation. The other half was prepared for histology using methods similar to those reported by Neville et al. (2013) . The mammary gland was perfusion fixed with Carnoy's fixative (60% ethanol, 30% chloroform, and 10% glacial acetic acid) by cannulating the cranial mammary artery with a polyethylene beveled catheter (PE-60; o.d. = 1.22 mm and i.d. = 0.77 mm; Intramedic [Becton Dickinson and Company, Sparks, MD] ) that was secured to surrounding tissue with silk suture. The mammary gland was initially perfused with PBS until the effluent was clear, then Evan's blue dye (to define the perfusion area), and then PBS again and finally was perfusion fixed with Carnoy's fixative until the tissue was hard to the touch. Perfused tissue was cut into 5-mm-thick slices and was further immersion fixed in Carnoy's fixative for an additional 8 h and then moved to 70% alcohol for storage.
Carnoy's fixed tissues were processed and embedded in paraffin. Samples were sectioned at 5 μm and mounted onto glass slides. For cellular proliferation analysis, antigen retrieval was performed in 10 mM sodium citrate 0.05% Tween 20 buffer (pH = 6) in a 2100 Retriever (Electron Microscopy Sciences, Hatfield, PA) for 15 min at 121°C. After cooling to room temperature for 20 min, tissues were rinsed twice in Tris-buffered saline (TBS) containing 0.1% Triton-X100 (TBST) and incubated for 20 min with blocking buffer (TBS containing 10% normal goat serum). Slides were incubated overnight at 4°C with a primary antibody against Ki67 (1:100; mouse monoclonal; VP-k452; Vector Laboratories, Burlingame, CA), an endogenous marker of proliferating cells. The following day, the slides were washed with TBST and incubated with 1:250 goat anti-mouse IgG conjugated to Alexa 647 secondary antibody (Life Technologies, Grand Island, NY) for 1 h in complete darkness. A final wash with distilled water was performed and coverslips were applied using Vectashield Hardset mounting medium (Vector Laboratories, Inc., Burlingame, CA), containing 4',6-diamidino-2-phenylindole (DAPI), in order to visualize cell nuclei. For vascularity analysis, 5-μm-thick tissue sections were prepared and mounted onto positively charged glass slides. Tissue sections were then deparaffinized in Histoclear (Electron Microscopy Services, Hatfield, PA) and rehydrated through a graded series of ethanol/water solutions. Following antigen retrieval (10 mM Tris, 1 mM EDTA, and 0.05% Tween 20, pH 9.0; 120 o C for 15 min), slides were cooled to room temperature for 20 min. Blood vessels were identified by a 1:100 dilution of rabbit anti-CD31 primary antibody (catalog number ab28364; ABCAM, ABCAM, Cambridge, MA). The secondary antibody was a goat anti-rabbit IgG labeled with CF633 (catalog number 20122; Biotium, Biotium, Hayward, CA), as it was used at a 1:250 dilution. Nuclei were counterstained with Vectashield Hardset Mounting Media with DAPI (Vector Laboratories).
Photomicrographs of 5 random areas (cellular proliferation) or 3 random areas (vascularity) per slide were taken with a Zeiss Imager.M2 epifluorescence microscope using a 10x objective and AxioCam HRm camera (Zeiss, Thornwood, NY). Images were then analyzed using the ImagePro Plus software (Media Cybernetics, Bethesda, MD) for labeling index (percentage of proliferating Ki-67-positive cells of the total number of cells within an alveolar area [Einarsson et al., 2012] ) or to calculate capillary area density (total capillary area as a proportion of tissue area) and capillary surface density (total capillary circumference per unit of tissue area). Moreover, these images were used to determine alveolar number per tissue area as well as alveolar density.
At slaughter, the reproductive tract was detached at the cervix and weighed. The diameter of the endometrium of uterine horns was measured 1 cm anterior to the uterine bifurcation as previously described (Cushman et al., 2013) . Ovaries were weighed and ovarian height and length were measured. If an ovary had a corpus luteum, the corpus luteum was dissected and weighed. Follicles on the surface were counted and classified as being small (1 to 5 mm), medium (5.1 to 10 mm), or large (>10 mm). Samples of the ovarian cortex was frozen in liquid N and stored at -80°C for subsequent analysis of global DNA methylation.
A representative cross-section (5 mm thick) from the center of 1 ovary was fixed in 10% Neutral Buffered Formalin (Fisher Chemical, Fair Lawn, NJ) overnight. The next day, the tissue was postfixed and embedded in paraffin for histological evaluation. The cross-section was sectioned and 5 sections (6 μm thick) were taken with a minimum of 10 sections between each collected section to insure that the same follicles were not counted in consecutive sections. The sections were stained with eosin and counter stained with hematoxylin. Follicles were counted and classified as primordial (oocyte surrounded by a single layer of flattened pregranulosa cells), primary (oocyte surrounded by a single layer of granulosa cells), or secondary (oocyte surrounded by 2 or more layers of granulosa cells), according to the established criteria that we have previously reported (Cushman et al., 1999 (Cushman et al., , 2001 (Cushman et al., , 2002 (Cushman et al., , 2007 .
Global methylation of DNA from parenchymal tissue, mammary fat, and ovarian cortex were determined. The DNA was extracted using the Qiagen DNeasy Blood &Tissue kit (catalog number 69504; Qiagen, Germantown, MD) according to manufacturer's instructions. Purified DNA quantity and quality was assessed on a NanoDrop 8000 (Thermo Scientific, Wilmington, DE) and only those samples with a 260/280 >1.7 were subjected to global methylation assessment. Global DNA methylation status was assessed in duplicate on 75 ng of purified DNA using the Methylflash Methylated DNA Quantification Kit (Epigentek, Farmindale, NY) with a standard curve according to manufacturer's instructions. Absorbance at 450 nm was assessed using an ELX 808 IU microplate (BioTek Instruments Inc., Winooski, VT).
Data were analyzed with an ANOVA with treatment as the fixed effect. The GLM procedure of SAS (SAS Inst. Inc., Cary, NC) was used for the analyses. Data are presented as the least-squares means and SE. Step heifers (372 ± 10 kg) and Conventional heifers (378 ± 10 kg) did not differ (P = 0.14).
RESULTS
At
Mammary weights, percentage of alveolar area, capillary area density, and capillary surface density did not differ between treatments (Table 1) . There was a tendency (P = 0.09) for alveolar tissue to have a reduced cellular proliferation in Stair-Step vs. Conventional heifers. Reproductive tract weights and size did not differ between treatments (Table 2) . Surface follicle number did not differ between treatments (Table 2) ; however, histological sections demonstrated that Stair-Step heifers had more primordial follicles than Conventional heifers (Table 3) . Global methylation of mammary tissues and the ovarian cortex did not differ between treatments (Table 4) . Anterior pituitary weight did not differ between Conventional (1.34 ± 0.05 g) and Stair-Step (1.23 ± 0.05 g; P = 0.16) heifers.
DISCUSSION
Current management strategies aggressively feed replacement heifers. The concept is that heifers need to reach a target proportion of their mature BW (50 to 65%) before breeding. It is also common practice to allow additional body fat retention to support continued growth and the increased nutritional requirements of pregnancy and lactation (reviewed by Patterson et al., 1992) . The thought is that this additional body fat will reduce the effect of negative energy balance a heifer might experience during her second mating and improve pregnancy rate for the second parity. Recent research has challenged some of the assumptions of these management strategies (Freetly and Cundiff, 1998; Freetly et al., 2001; Roberts et al., 2009 ). Freetly and Cundiff (1998) and Roberts et al. (2009) both found that a reduction in feed offered compared to more traditional management strategies resulted in more economical production systems; however, they differed in the effect that reduced nutrition had on pregnancy rates. Freetly and Cundiff (1998) did not observe a difference in pregnancy rates or milk production, whereas Roberts et al. (2009) observed a decrease in pregnancy rate. Freetly et al. (2001) demonstrated that pregnancy rates of heifers raised on a stair-step program did not differ in pregnancy rates from heifers raised on conventional development programs. Obesity has been associated with a decreased milk production (Pinney et al., 1961; Ferrell, 1982; Johnsson and Obst, 1984) and a decreased stayability (Arnett et al., 1971) . Park et al. (1998) and Ford and Park (2001) have demonstrated an increase in milk yield when heifers are developed on a 2-phase stair-step program. Both their program and our single-phase Stair-Step program restricted growth during puberty. Their second restriction occurred during gestation and was followed by a period of compensatory gain in late gestation. Peri et al. (1993) observed an increased milk production in calves developed on a single-phase stair-step program; however, the restriction occurred at a younger age (6 to 10 mo) than our heifers. Piantoni et al. (2012) demonstrated that plane of nutrition in the preweaned dairy heifer (approximately 65 d of age) resulted in differential gene expression in both parenchymal tissue (n = 1,641) and mammary fat pad (n = 1,541). In their study, heifers fed a high-protein low-fat milk replacer compared to controls had differential gene expression in parenchymal tissue of genes associated with molecular transport, cellular development, lipid metabolism, carbohydrate metabolism, amino acid metabolism, cell morphology, cellular growth, and cellular proliferation. In the fat pad genes associated with cell morphology, molecular transport, cellular development, immune response, cell signaling, and lipid metabolism were differentially expressed. In the mouse mammary gland, DNA methylation decreases in genes associated with casein production in mice that are postpubertal compared to those prepubertal (Rijnkels et al., 2013) . Rijnkels et al., (2013) also observed a decrease in methylation at some evolutionary conserved regions during pregnancy/lactation and suggested that decreases in methylations are associated with an open chromatin structure. An alternative hypothesis to competition between adipocytes and alveolar cells is that malnutrition alters the degree of DNA methylation of genes associated with milk production, resulting in a permanent change in milk production potential. In the studies of Park et al. (1998) and Ford and Park (2001) , mRNA expression for β-casein is elevated in lactating heifers that were raised on a stair-step program. The β-casein gene is 1 of the genes identified by Rijnkels et al. (2013) to change its level of methylation in the mouse around puberty. Our hypothesis was that heifers exposed to different levels of nutrition during the peripubertal period would differ in methylation of the DNA in the mammary gland. In the current study, we measured global methylation of parenchymal and mammary fat pad tissues. Difficulty in isolating DNA from the mammary fat pad reduced the number of observations in each of the treatments and may have limited our power to test for treatment differences. Levels of methylated DNA did not differ between Conventional and Stair-Step fed heifers, suggesting that the total methylation in mammary gland tissues is not responsive to feeding regimen; however, differential methylation of DNA at specific locations in the genome that regulate expression of a genes involved in mammary function and/or development cannot be excluded. Like the mammary gland, the ovary undergoes rapid morphological changes during puberty. Goto et al. (2013) reported that global methylation of granulosa cells is less in older cows compared to younger cows, and the level of methylation in their study was greater than what we observed for the ovarian cortex in the current study. The number of follicles in the ovary (ovarian reserve) has been positively associated with fertility. In women, depletion of the ovarian reserve is associated with menopause (Broekmans et al., 2007) . Maurer and Echternkamp (1985) determined cows that bred multiple times within a breeding season had fewer antral follicles, and the number of antral follicles on the ovary is correlated with the ovarian reserve (Erickson, 1966; Cushman et al., 1999; Ireland et al., 2008) . There was a tendency for the Conventional heifers to have more medium follicles; however, ovaries were not collected on a specific day of the estrous cycle. Random differences in stage of the follicular wave could explain this tendency. Spicer et al. (1991) observed no differences in numbers of medium follicles among heifers that were losing, maintaining, or gaining BW, which suggests that the tendency in this study may not be meaningful. The focus of this study was to examine the influence of diet on the microscopic follicle populations, and it is documented that day of the estrous cycle does not influence microscopic follicle numbers in heifers (Rajakoski, 1960) . While there was no difference in antral follicle numbers at 14 mo of age, the increase in primordial follicle numbers could indicate that the Stair-Step heifers will have greater life-time reproductive efficiency and/or longevity. Wang et al. (2014) reported a reduction of primordial follicles in obese rats compared to rats that had experienced a nutrient restriction. In our study, there were approximately twice as many primordial follicles in the Stair-Step heifers compared to the Conventional heifers. This difference in number of primordial follicles suggests that either fatter heifers have an increased activation of primordial follicles or restricted heifers have a reduced activation. Wang et al. (2014) observed an increase in ovarian expression of mTORC1 and phosphorylation of S6K1 proteins in obese rats and concluded that in obese rats there was an increase in follicle activation. An alternative mechanism is that during the refeeding period, oogonial stem cells differentiate into primordial follicles (Johnson et al., 2004) .
Our findings did not support our hypothesis that global DNA methylation changed in the ovarian cortex and mammary gland as a result altering growth patterns. 2 Number of follicles per histological section. 5 sections per animal were measured. Heifer (n = 6/diet) is the experimental unit.
3 Primordial = an oocyte surrounded by a single layer of flattened pregranulosa cells; Primary = an oocyte surrounded by a single layer of cuboidal granulosa cells; Secondary = an oocyte surrounded by 2 or more layers of cuboidal granulosa cells (van Wezel and Rodgers, 1996; Cushman et al., 1999) . Step heifers were offered 277 kcal ME/BW kg 0.75 , and heifers on the Conventional treatment received 228 kcal ME/BW kg 0.75 . Values are least squares means and SE of 6 animals/treatment except the mammary fat pad Stair-Step (n = 5) and Conventional (n = 3).
An approach that targets specific genes may be more informative. Our findings support our hypothesis that heifers receiving greater nutrient intakes during puberty have a smaller ovarian reserve than heifers that were exposed to reduced nutrient intake.
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